The coalbed methane production rate is mainly controlled by two parameters: diffusivity in the coal matrix and permeability in the cleat system. As one key parameter, diffusion plays an important role in coalbed methane producing process. However, till now there is no systematic study on the relationship of diffusivity, pore size and coal ranks. In this work, three Chinese coal samples which belong to low, middle and high rank, respectively, were studied using experimental and modeling methods. Four gases, H 2 , N 2 , CH 4 and CO 2 , are used to study the diffuse characters at four different pressures steps. The experimental results showed that the adsorption balance time varies with different testing gas type and it is closely related with coal rank. Balance time testing with CO 2 is the longest, and then is CH 4 , while He is the slowest. Moreover, high rank coal takes the longest time to reach balance, while low rank coal takes the least. Generally, the sorption balance time for JCC-01 is about 150-350 S 0.5 , it is about 250-400 S 0.5 for CZ-1, while it is about 900-1200 S 0.5 for JCC-01. Modeling results showed that for all these three ranked Chinese coals, the bidisperse model can be used to model the diffuse process. The β value, which is the ratio of macropore adsorption/desorption to the total adsorption/desorption, increases with the increasing of pore pressure, except for sample JCC-01 when measured using CO 2 . There is no regular law for both micropore and macropore diffusion coefficient. In order to study the relationship of diffusivity, pore structure and coal ranks, the experiments of mercury injection test and low-temperature liquid nitrogen experiment were done to analyse the relationship. The results show that, for the low rank coal sample TCG-1, the mesopore takes the majority while the macropore also takes part of the pore distribution, there are few even no micropore. For middle rank sample CZ-1, the mesopore also takes the majority and the macorpore accounts for a small percentage. While for high rank coal sample JCC-01, micropore takes the majority, and mesopore and macropore take small part of the pore structure distribution. The conclusion drawn from these testing results can be used to explain the adsorption and diffusion laws found before.
constrains the wide use of bidisperse model for most coals. Therefore, in 1999, Clarkson and Bustin (1999) advanced the bidisperse numerical model by assuming no adsorption is occurring in the macroporosity, nonlinear adsorption in microporosity and a time-varying boundary pressure.
What is noteworthy is that all the above studies were either based on coal powder samples (eg., Thimons and Kissell, 1973) or on crushed coal sample (eg., Busch et al., 2004; Clarkson and Bsutin, 1999) . The pore structure of these samples has already been partly destroyed in the matrix (Busch et al., 2004; . This could also affect the diffusivity which is strongly pore-structure dependent (Bhatia, 1987; Smith, and Williams, 1984) . Lately, a study by was made by using a coal core instead of crushed coal to study the diffusivity. However, this study mainly focused on the moisture impaction on gas diffusion and flow based on one Australia coal core. There was no further study about diffusivity in different coals and its influence factors.
Several other researchers have studied diffusivity with pore size distribution or coal rank. Clarkson and Bustin (1999) studied the diffusivity with different grain-sized samples and supposed the reasons of the adsorption rate behaviour in terms of the relative proportion of micro, meso, and macroporosity. Laxminarayana and Crosdale (1999) have found that coal rank has influence on effective diffusivity and inferred this is likely to be related to pore size distribution. While the pore size distribution of coal was found to be related to coal rank (Gan et al., 1972; Laxminarayana and Crosdale, 1999; Levy et al., 1997; Zhang et al., 2010; Zheng et al., 2012) , which is also known as maturity commonly quantified by the parameters of vitrinite reflectance. However, all the above studies have not gone into further discussion about the relationship among diffusivity, pore volume distribution and coal rank in a qualitative and quantitative way. Therefore, further study about diffusivity with pore size distribution in different coal rank needs to be done to identify the correlation.
The purpose of the current study was: (1) to study the diffusion characteristics with different coal rank, gas type, pore pressure in Chinese coals; (2) to define a model to describe the adsorption rates for different-ranked Chinese coals; (3) to gain a better understanding of the controlling factors of diffusivity and its relationship with pore structure and coal rank; (4) to contribute a better understanding of CO 2 and N 2 enhanced coalbed methane mechanisms and processes. Study on these has important implications for better understanding of the mechanism of diffusivity and CBM/ECBM process, which has important guidance for the coalbed methane production. With respect to ECBM, knowledge of the gas transport properties of coal is important for CH 4 production and recovery by CO 2 injection from coal seams (King et al., 1986; Charriere et al., 2010) .
EXPERIMENTAL METHODS 2.1. Experimental apparatus
In this study, a triaxial permeability cell for measurements of gas adsorption under hydrostatic conditions is used. A temperature-controlled cabinet is used to maintain constant temperature during the experiment process. The schematic plot of the apparatus is shown in Figure 1 . Gas is first filled to the Injection Pump A and then injected from Pump A to the sample. The adsorption equilibrium process is recorded by the computer. Generally, the adsorption equilibrium will take a few days to a few weeks depending on the different coal. The confining pressure is provided by Pump B. In this study, effective stress, which means confining pressure minus pore pressure 862
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in the coal, is used in order to conduct the experiment at the pressure condition. Other parts of the apparatus is mainly used to test the permeability after the adsorption equilibrium.
Sample preparation
In this study, three coal samples, one from Tiechanggou coal field of Junggar Basin, one from Changzhi city and one from Jincheng area which both belong to Qinshui Basin, are used. The sample from Jungaar is bituminous coal (long flame coal which belongs to low rank, R o =0.62%); that from Changzhi city is bituminous coal (lean coal which belongs to middle rank, R o =1.89%); that from Jincheng area is anthracite coal (high rank, R o =3.36%). The proximate analysis data can be seen from Table 1 . Qinshui Basin and Jungaar Basin are two of the focal areas for CBM exploration and production in China nowadays. Therefore, studying coal samples from these two areas will be of great importance for better understanding the characters of reservoirs characters in China. The coal samples are cored from coal blocks to a cylindrical shape each being 50mm in diameter and 100mm in length. The core from Tiechanggou is named as TCG-1, the one from Changzi city is named as CZ-1, and the one from Jincheng is named as JCC-01. Before installing the sample, each sample needs to be put into a heated vacuum oven at 100 ˚C for several days to remove the moisture. After totally dried, the sample is installed in the cell, vacuumed for several days to remove the inherent gas, and prepared for the flowing experiment.
Experimental procedures
In this study, three different coal rank coal samples, of which two are from the Qinshui Basin and one from the Xianjiang area. These three samples belong to low, middle and high rank, respectively. Diffusivity test using pure gas is conducted at three or four different pore pressures depending on the adsorption time difference. Four kinds of gases, H 2 , N 2 , CH 4 and CO 2 are used in sequence to test the diffusivity. After each species of gas is finished, the whole system and the coal sample are vacuumed to remove the residual gas before switching to a new gas. All the measurements are conducted at constant temperature of 35 ˚C in this study. Except for the diffusion experiment, another experiments including mercury injection test and low-temperature liquid nitrogen experiment is conducted on the same samples in order to analysis the inner pore structure and its relationship with diffusivity.
Calculation method 2.4.1. Adsorption rate and isotherm
The Gibbs excess adsorption (also known as the excess adsorption) is calculated directly from experimental quantities. For pure-gas adsorption measurements, a known quantity of gas, n inj , is injected from the injection pump A (Fig.1) into the sample. Some of the injected gas will be adsorbed, and the remainder, n unads , will exist in the equilibrium gas phase in the cell void volume. A mass balance is used to calculate the amount adsorbed, as :
(1)
The amount injected can be determined from pressure, temperature and volume measurements of the pump:
( 2) where P is pressure, ∆V is gas injection pump volume change, Z is the compressibility factor, R is the universal gas constant, T is the temperature. The amount of unadsorbed gas is calculated from conditions at equilibrium in the cell void volume:
( 3) where V void is the void volume in the cell. The above steps are repeated sequentially at higher pressures to examine the impact of pressure on gas diffusion, it also yield a complete adsorption isotherm.
Modeling method
As discussed in the introduction, the advanced unipore model of Busch et al. (2004) and bidisperse model of Clarkson and Bustin (1999) are used in this study. The uptake rate of unipore model by a spherical sorbent particle is given by (Crank, 1975) :
Gibbs inj unads n ads
Gibbs 864
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The overall uptake of bidisperese model, which composed by a fast macropore diffusion stage and a much slower micropore diffusion stage, can be given by: (5) where is the ratio of macropore adsorption/desorption to the total adsorption/desorption; M a is the total amount of gas adsorbed/desorbed in the macropores at time t; M i is the total amount of gas adsorbed/desorbed in the micropores at time t. Among of which:
It should be noted that to derive the above bidisperse model, linear adsorption isotherm is assumed.
EXPERIMENTAL RESULTS

Adsorption capacity
To compare the different adsorption capacity and characters, isotherm curves of three coal samples measured using N 2 , CH 4 and CO 2 , respectively, are summarized and plotted in Figure 2 . It can be seen from this figure that the adsorption capacity of JCC-01, which belongs to high rank coal, is higher than that of CZ-1 and TCG-1, which belong to middle rank and low rank coal. For example, when pore pressure is at 4 MPa measured using CH 4 , the adsorption amount of JCC-01, CZ-1 and TCG-1 is 28.4, 20.3 and 17.8, respectively. At the same condition, the general rule of adsorption capacity for three different coal samples is JCC-01 bigger than CZ-1, and which is bigger than TCG-1. However, when measured using CO 2 , the adsorption capacity of TCG-01 is bigger than that of CZ-1. For example, when pore pressure is at 6 MPa measured using CO 2 , the adsorption amount of CZ-1 and TCG-1 is 46 and 37, respectively. Moreover, it can be seen from figure 2 that the adsorption amount measured using CO 2 is about two to three times than measured using CH 4 , and is about three to four times than measured using N 2 . For example, for JCC-01, the adsorption amount measured suing CO 2 , CH 4 and N 2 is 64.5, 33.2 and 21.7, respectively. 
Diffusivity
In this work, three species of gases, N 2 , CH 4 and CO 2 , are used to test the sorption rate in three different rank coal samples at three or four different pore pressure steps. To compare the sorption rate at different pore pressure for the same sample, the curves tested at different pore pressures are plotted in one figure. Therefore, totally 9 figures of sorption rate with square-root of time for three different ranked coal samples are plotted from Figures 3 to 11. 
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Laboratory and modeling study on gas diffusion with pore structures in different-rank Chinese coals It can be seen from these Figures that sorption balance time with different coal samples is quite different. The sorption balance time of JCC-01 is much longer than CZ-1, which is a little longer than TCG-1. Generally, the sorption balance time for JCC-01 is about 150-350 S 0.5 , it is about 250-400 S 0.5 for CZ-1, while it is about 900-1200 S 0.5 for JCC-01. Therefore, the following conclusion can be drawn that the sorption balance time of high rank coal is much longer than middle-ranked coal, which is a little longer than low rank coal.
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Laboratory and modeling study on gas diffusion with pore structures in different-rank Chinese coals When using different gas to test the sorption rate for the same coal sample, the balance time varies with the gas species. It can be seen from Figure 3 , Figure 6 and figure 9 that for the coal sample TCG-01, the sorption balance time measured using CO 2 is about 400 S 0.5 , it is 350 S 0.5 when using CH 4 and it is 200 s 0.5 using N 2 . The same rule can be seen from other coal samples: CZ-1 and TCG-1. Therefore, for the same coal, the balance time measured using CO 2 is longer than using CH4, while it is longer than using N 2 . This is inconsistent with what found by Busch that CO 2 sorption was consistently faster than CH 4 sorption under the same experimental conditions. (Busch et al., 2004) .
Particularly, it can be seen from Figure 5 , Figure 8 and Figure 11 that sorption rate of JCC-01 changes slightly with the changing of pore pressure. With the increasing of pore pressure using either N 2 , or using CH 4 or CO 2 , the sorption rate curves with time are very close to each other, some curves even lap to each other. However, for the coal samples of CZ-1and TCG-1, with the increasing of pore pressure, the sorption rate curves in the figures become more crooked. This means that adsorbed fraction becomes bigger with the increasing of pore pressure at the same time point for CZ-1and TCG-1. Thought this discussion it can be known that the sorption rate of high rank coal is not sensitive to pore pressure, while the sorption rate of middle and low rank coal increases with the increasing of pore pressure.
Modeling result
In order to define a model to describe the adsorption rates for different-ranked Chinese coals, the modeling of sorption process is made in this work. To illustrate the modeling result, a map of modeling curves of CZ-1 using CO 2 is showed in Figure 12 . Laboratory and modeling study on gas diffusion with pore structures in different-rank Chinese coals 
Other modeling results for other samples, although using different gases, look similar. Thus, they are not included in the figures. Through the modeling result, it can be seen that the sorption process shows a fast step that sorption amount reaches more than 50% in several minutes and a slow step in the following few hours or days. Moreover, it can be seen from Figure 12 that the modeling result using bidisperse model fits the experimental data very well. Therefore, the bidisperese model, which is listed in formula (2) composed by a fast diffusion stage and a much slower diffusion stage, can be adopted to model the sorption process for different rank Chinese coals.
The modeling results and parameters are summarized in Table 2 . It can be seen from Table 2 that the β value, which is the ratio of macropore adsorption/desorption to the total adsorption/desorption, increases with the increasing of pore pressure, except for sample JCC-01 when measured using CO 2 . It means that with the increasing of pore pressure, the ratio of macropore adsorption also increases. For example, when pore pressure increases from 2.6 to 6.1 MPa measured using CH 4 for TCG-1, the β value increases from 0.33 to 0.52. However, for the sample JCC-01, the β values are very close to each other. For example, the β values measured using CH 4 are 0.35, 0.36 and 0.39. This is also consistent with the law discussed in 3.2 that the sorption rate is not sensitive to pore pressure for the high-ranked coal. It also can be seen from Table  2 that there is no regular law for both micropore and macropore diffusion coefficient, although the values are at the same order of magnitude.
PORE STURCUTRE EXPERIMENT AND DISCUSSION
Previous studies show that diffusivity has certain relationship with coal ranks. Laxminarayana and Crosdale (1999) 's study used crushed coals show that that coal rank have important influences on desorption rate. Desorption rate studies on crushed samples show that desorption rate is also a function of rank (Laxminarayana and Crosdale, 1999) . This relationship is controlled by variations in pore size distribution with coal type and with rank. Pore structure includes the pore size, size distribution and geometry/morphology of interconnecting pore network. The development of both transition and micropores is controlled by coalification and as a result they are sensitive to coal rank. The transition pores and micropores are the primary sites of gas adsorption and diffusion (Zhang et al., 2010) . Lower-rank coals contain mainly macropores and high rank coals contain mainly micropores (Clarkson and Bustin, 1999) . In the lower-rank coals, porosity is primarily due to the presence of macropores; in the high rank coals, about 80% of the total open pore volume is due to micro and transitional pores (Gan et al., 1972) . Although the previous studies found the simple relationship between sorption rate and coal rank and pore structure distribution, there is no systematic study on relationship between different coal ranks and diffusivity and the pore structure distribution in different coals.
In order to study the relationship of diffusivity and pore structure and coal rank, the experiments of mercury injection test and low-temperature liquid nitrogen experiment were done to analysis the relationship. In this study, the pore classification system of International Union of Pure and Applied Chemistry (IUPAC) is adopted, which divided coal pores into Micropores (smaller than 2 nm in diameter), Mesopores (2-50 nm in diameter) and Macropores (greater than 50 nm).
The previous studies show that the testing lower limit of mercury injection is 7.5nm. It can be seen from the classification system of IUPAC that the lower limit is in the Mesopores, however, the main gathering place of coalbed methane is in the Micropores. Thus, the testing method of mercury injection cannot observe and deeply analysis the main gathering place of coalbed methane. Therefore, another pore structure analysis method of low-temperature liquid nitrogen experiment is used to analysis the pore distribution lower than 7.5nm. Figure 13 is the summary of testing results used by mercury injection method. It can be seen from Figure 13 that, for sample TCG-1 which belongs to low rank coal, the distribution of pore smaller than 0.1µm is about 58%; and the distribution between 0.1~1µm also takes part of the pore structure. For sample CZ-1, which belongs to middle rank coal, the distribution of pore smaller than 0.1µm takes up about 90%; another distribution of 40~100µm also takes a small part in the pore structure. For sample JCC-01, which belongs to high rank coal, the distribution of pore smaller than 0.1µm takes up more than 90%; another distribution between 30~60 µm only takes a very small part in the pore structure distribution.
As discussed above, the testing lower limit using mercury injection is 7.5nm, and the diffusivity is mainly controlled by the distribution of microspores. Therefore, further study and analysis focusing on micropore-size needs to be done. Figure 14 is the summary of pore size distribution obtained from nitrogen isotherm method in different ranked coals.
It can be seen from Figure 14 that: for coal sample TCG-1, the pore size range lower than 100nm (=0.1µm) is mainly distributed between 5-7nm; for sample CZ-1, the pore size range lower than 100nm is distributed in two intervals, which are 2-6nm and 10-50nm; for sample JCC-01, the pore size range lower than 100nm (=0.1µm) is mainly distributed between 1-3nm.
Combined with the testing result of mercury injection and low-temperature liquid nitrogen experiment, the following conclusion can be drawn: according to the classification standard of IUPAC, for the low rank coal sample TCG-1, the mesopore takes the majority while the macropore also takes part of the pore distribution, there are few even no micropore; for middle rank sample CZ-1, the mesopore also takes the majority and the macorpore accounts for a small percentage; while for high rank coal sample JCC-01, micropore takes the majority, and mesopore and macropore take part of the pore structure distribution.
The conclusion that drawn from the testing result can be used to explain the adsorption and diffusion phenomena that found before. The reason that adsorption balance time of high rank coal is longer than middle rank coal, while that is longer than low rank coal is that for high rank coal, micropore takes the majority, therefore, it needs more time to reach the balance; while for the middle rank coal, mesopore takes the majority while micropore and macropore contains less, therefore, the adsorption balance time is shorter than high rank coal sample. For low rank coal sample, mesopore takes the majority and macropore also takes part of the constitute, therefore, the balance time shorter than other two samples.
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CONCLUSION
In this work, three Chinese coal samples which belong to low, middle and high rank, respectively, were studied using experimental and modeling methods. Four gases, H 2 , N 2 , CH 4 and CO 2 , are used to study the diffuse characters at four different pressures steps. Moreover, the experiments of mercury injection test and low-temperature liquid nitrogen experiment were done to analysis the relationship of diffusivity, pore structure and coal rank. The experimental results of diffusivity showed that the adsorption balance time varies with different testing gas type and it is closely related with coal rank. Balance time testing with CO 2 is the longest, and then is CH 4 , while H e is the slowest. Moreover, high rank coal takes the longest time to reach balance, while low rank coal takes the fewest. Moreover, modeling results showed that for all these three ranked Chinese coals, the bidisperse model can be used to model the diffuse process. The β value, which is the ratio of macropore adsorption/desorption to the total adsorption/desorption, increases with the increasing of pore pressure, except for sample JCC-01 when measured using CO 2 .
The experiments of mercury injection test and low-temperature liquid nitrogen experiment showed that according to the classification standard of IUPAC, for the low rank coal sample TCG-1, the mesopore takes the majority while the macropore also takes part of the pore distribution, there are few even no micropore. For middle rank sample CZ-1, the mesopore also takes the majority and the macorpore accounts for a small percentage. For high rank coal sample JCC-01, micropore takes the majority, and mesopore and macropore take small part of the pore structure distribution. The conclusion that drawn from the testing result can be used to explain the adsorption and diffusion laws found before.
